The thermal conductivity of four different types of meats (Veal, Hashi, Noeimi and Najdi) was determined for a temperature range of 5-40°C and moisture content range of 30-75% (wet basis). Thermal conductivity increased almost linearly with the increasing levels of both temperature and moisture content. Multiple regression models with high R 2 > 0.91) values were developed to correlate thermal conductivity as a function of temperature and moisture content. Statistical analysis revealed that both variables had significant effect on thermal conductivity of meats.
INTRODUCTION
In optimizing design of thermal processing systems for the food industry, one of the most significant impediments is the lack of quantitative data on thermal properties. [1] The lack of data in this area has limited the application of many well-established engineering principles. [2] The thermal properties of foods, such as meats, play an important role in the processing of these materials.
Heating, cooling, and freezing are three processes that have been extensively investigated for the preservation of beef, goat and other types of meat. [3] [4] [5] [6] [7] [8] Values for the thermal properties of local meats in Saudi Arabia are not available in the literature. In order to make a proper and efficient design of refrigeration equipment and to calculate the cooling or freezing times in an accurate manner, the use of specific experimental values of thermal properties, e.g., heat capacity, enthalpy and thermal conductivity, or of accurate predictive equations fitted to them, is essential. Values of these properties depend strongly on temperature and composition (water content, fat type and content). For thermal conductivity, the dependence also includes tissue structure, direction of heat flow with respect to the orientation of muscular fibers and degree of packing of meat pieces within packages.
For measuring the thermal conductivity of food materials, the line heat source probe has been the most popular. [9] [10] [11] [12] [13] The probe method is fast, simple, and uses a relatively small samples. [14] The basic theory behind the use of the line source has been discussed previously by Hooper and Lepper [15] and Nix et al. [16] Based on experimental data, many empirical and semi-empirical models for predicting thermal conductivity have been suggested. [12, [17] [18] [19] [20] One of the most efficient and practical way to obtain the values of thermal properties for various process conditions using mathematical models which are based on major components of a specific food product. [19] Thermal conductivity has been reported for a number of food materials including beef [21] [22] [23] [24] The thermal conductivity of beef at temperature range of 30 -120°C was measured by Baghe-Khandan and Okos [23] using thermal conductivity probe. Thermal conductivity increased with temperature up to 70°C followed by a decrease during the denaturation of proteins and subsequent loss of water. Thermal conductivity again increased with temperature after protein denaturation. The thermal conductivity of boneless lamb meat was measured by the transient probe method. [24] Measured data depend strongly on the temperature in the freezing zone. The structure and spatial distribution of fibers influence the conductivity substantially. Thermal conductivity of chicken was measured at temperature ranging from 25 to 95ºC. [25] The temperature of chicken did not significantly affect the thermal properties. Thermal conductivity of cooked Ham was measured using the heat-line-source probe. [26] Temperatures ranged from 3.08 ºC to 74.08 ºC, corresponding to the cooking process, and moisture ranged from 40.0 to 73.0% (w.b). Their results for thermal conductivity were compatible with those published in the literature. A comprehensive literature search revealed that very limited data on thermal conductivity were available for the under-utilized meat types Veal, Hashi, Noeimi and Najdi. Hence, the objective of this study was to determine experimentally the thermal conductivity (k, W/m(°C) of four different types of fresh meats at various levels of moisture content (MC, %) and temperature (T, °C).
MATERIALS AND METHODS

Sample Preparation
Fresh meat of Veal, Hashi, Noeimi, and Najdi were obtained from a local meat company in Riyadh. The meat was taken from the 'red' muscles of the hip and thigh. All visible fat was removed from the muscle tissues before they were minced using an ordinary household mincer/mixer. Both the mincing and mixing processes helped to render homogeneous minced meat with the least voids when filling into the test cylinders. The minced meats were later dried to obtain the various MCs following the procedures outlined by Nesvadba and Eunson. [27] The composition for the different meats is shown in Table 1 .
For each trial, an amount of 0.5 kg were spread out in 1-cm thick layers on several trays and dried in a wind tunnel at an air temperature 24-25°C, wind speed 1.2 m/s and ambient humidity 55%. The mince was stirred at intervals to ensure uniform drying. After drying to the required MC (monitored by weighing the trays), the mince was either used immediately or sealed in polyethylene bags and stored in the refrigerator at 4°C for later use. Before the thermal conductivity measurements, samples were thawed at room temperature.
Apparatus
The thermal conductivity was measured by the single-needle KD2 thermal properties meter (Decagon Devices, Inc., Pullman, Washington, USA). The device is based on the line source probe theory as it uses a simple yet precise heating and monitoring system to measure the slope and intercept of the sample specific temperature rise vs. time curve. From this data, thermal conductivity is derived.
The length and diameter of the needle are 60 and 0.9 mm, respectively. The ratio of the probe length to diameter is more than 60 giving an axial flow error of less than 0.035%. [13] The probe is heated at a constant rate and the change in temperature at the center of the food sample is noted at a short distance. The values of k are calculated by monitoring the dissipation of heat from a line heat source given a known voltage. Hobani and Elansari [28] and Hobani et al. [29] have discussed the equations used for the calculation of this property.
Experimental Procedure
Meat samples of Veal (cow), Hashi (camel), Neame and Najde (sheep), with four MCs viz. 30, 45, 60, and 75 (%w.b.), were used in the experiments to measure thermal conductivity over the temperature range 5-45°C. Samples were packed in copper tubes (15mm diameter) within minutes of mixing, and then the single needle was inserted into each sample through a hole in the copper tube lid. The blended samples were carefully packed and manually compressed to expel any entrapped air.
The meat samples were firm with no evidence of free water when placed in the copper tubes. Three samples for each temperature (5, 20, 35 , and 45°C) were immersed in a controlled temperature water bath and allowed to equilibrate to the desired temperature over a period of 45-60 min. The probe was calibrated using 99.5% pure glycerol (WINLAB, Leicestershire, UK) prior to use.
Measurement of Moisture Content
The moisture content was measured following the standard procedure described in the AOAC official methods of analysis [30] for meat and meat products by the oven dry method.
Statistical Analysis
Effects of T and MC on thermal conductivity were analyzed to determine a statistical difference using the General Linear Model, GLM software package. [31] Least significant difference (LSD) at 5% was used to define significant differences between mean values.
RESULTS AND DISCUSSION
The thermal conductivity values as a function of temperature for different meat types at different moisture contents are presented in Tables 2-5 Values with the same subscription in a column are not significantly different (p > 0.05). Values with the same subscription in a column are not significantly different (p > 0.05). Values with the same subscription in a column are not significantly different (p > 0.05).
content. The standard deviation for all meat types ranged from 0.004-0.045. The higher deviations were found at higher temperatures. The obtained results were comparable with data obtained by Pan and Singh, [21] also with calculated values using equations reported Baghe-Khandan et al. [32] Similar results were reported by Tsai et al. [22] for restructured beef. Baghe-Khandan and Okos [23] found the same trend of increased thermal conductivity with the increase in temperature and moisture content for ground lean beef. In general it Values with the same subscription in a column are not significantly different (p > 0.05). can be concluded that the resulting thermal conductivities agreed well with the values found in the literature for the different meats studied. Statistically, the results indicated that for most temperatures and moisture content levels there were significant differences with regard to thermal conductivity. This can be observed well in Fig. 2 , where thermal conductivity values increased with both parameters. For thermal conductivity versus moisture content, an increasing trend can be noticed in general, which agreed well with the positive correlation reported in most of the literature for thermal conductivity and moisture content. [12] The main basis for this trend can be explained by the increased thermal conductivity due to increased quantity of moisture. More moisture results in a higher thermal conductivity for moisture rich products. Tocci et al. [24] reported an increase in the thermal conductivity of boneless mutton meat in a temperature range of −40 to 40°C.
Thermal conductivity values obtained in this study were modeled through a linear multiple regression equation as a function of temperature (T) and moisture content (MC) and the developed models are presented in Table 6 . The agreement between the computed and experimental values represented by the R 2 ranged from 0.90-0.92. The first order linear model is a reflection of flatness of response surface in Fig. 2 . A more general model was also developed to correlate all thermal conductivity experimental values obtained for all four meat types with both temperature and moisture content, where the correlation coefficient obtained was R 2 = 0.88. Regarding the comparison between predicted values using the general model and experimental ones, the predicted values from the general model did not match the experimental results for the least moisture content (30% w.b.) which yields the highest standard errors for all meats (ranged from −37.403 to 26.685) while the best agreement was for the temperature range of 15-40°C and moisture content 45-75% (w.b.).
CONCLUSIONS
Results of this study clearly show the significant variation in thermal conductivity of meats with changing temperature and moisture content. The conclusion drawn from this work agreed with the general principle that there is a strong linear correlation between thermal properties and water content, especially over the higher range of water contents. [30] The developed models could be used to predict the thermal properties satisfactorily within the range of input variables studied. 
